The ascomycete fungus Fusarium graminearum is a devastating plant pathogen for major cereal crops. Ascospores are produced via sexual reproduction and forcibly discharged from mature perithecia, which function as the primary inocula. Perithecium development involves complex cellular processes and is under polygenic control. In this study, a novel gene, GEA1, was found to be required for ascus wall development in F. graminearum. GEA1 deletion mutants produced normal-shaped perithecia and ascospores, yet ascospores were observed to precociously germinate inside the perithecium. Moreover, GEA1 deletions resulted in abnormal ascus walls that collapsed prior to ascospore discharge. Based on localization of GEA1 to plasma membrane, GEA1 may be directly involved in ascus wall biogenesis. This is the first report to identify a unique gene required for ascus wall development in F. graminearum.
INTRODUCTION
Emerging fungal threats to food security and ecosystems are increasingly being recognized worldwide. In addition, it has been predicted that if severe fungal epidemics were to affect rice, wheat, maize, potato and soybean crops simultaneously, there would only be enough food for 39 % of the world's population (Fisher et al., 2012) . The homothallic ascomycete fungus Fusarium graminearum (teleomorph Gibberella zeae) is one of the most devastating plant pathogens of major cereal crops worldwide, including wheat, barley, rice and maize (Lee et al., 2009a; Leslie & Summerell, 2006) . In addition to yield and quality losses, the fungus produces mycotoxins such as zearalenone and deoxynivalenol that are harmful to animals and humans (Desjardins, 2006; Dignani & Anaissie, 2004) . Currently, Fusarium head blight (FHB) epidemics continue to be reported worldwide (Goswami & Kistler, 2004) . However, despite its significance in the agricultural industry, FHB remains difficult to control due to a lack of resistant cultivars and low-cost fungicides with effective applications (Goswami & Kistler, 2004) . Therefore, an in-depth understanding of the F. graminearum life cycle is necessary to develop new strategies to control this destructive fungus.
F. graminearum reproduces and propagates disease via ascospores and conidia, which are produced by sexual and asexual development, respectively. The ascospores formed in fruiting bodies (perithecia) are regarded as the primary inocula for FHB epidemics. Moreover, perithecia and perithecia-associated hyphae that remain on plant debris provide the primary means for survival during the winter. In addition, discharged ascospores from perithecia facilitate the propagation of disease during the flowering season (Parry et al., 1995; Sutton, 1982; Trail et al., 2002) . As a result, sexual reproduction allows F. graminearum to maintain a high genetic diversity, which enables the fungus to adapt toward host plants (Cuomo et al., 2007; Lee et al., 2009a) .
Previously, in-depth microscopic observation of perithecium development was performed in F. graminearum (Trail & Common, 2000) . During perithecial development, perithecial initials are first formed by the continuous coiling of hyphae, and then young perithecia begin to develop. Although ascogonia and antheridia are not observed during this process, other sordariomycetes, such as Sordaria macrospora, need these structures for initial perithecial development (Pöggeler et al., 2006) . Subsequently, uninucleated cells in the centre of the young perithecia differentiate into enlarged central cells, representing the origin of the ascogenous system. In addition, apical paraphyses grown from the periderm reach the hymenium (spore-bearing cells) and, concomitantly, the ostiole becomes well developed. Typical croziers also begin to develop as the apical paraphyses grow.
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including Neurospora and Cochliobolus (Raju, 1980 (Raju, , 2008 Son et al., 2011b) . Moreover, when two haploid nuclei of crozier cells fuse, the resulting diploid zygote nucleus undergoes meiosis and mitosis to produce eight nuclei. After spore delimitation, each nucleus undergoes further cell divisions to become a spindle-shaped ascospore, which contains two to four cells.
In ascomycetes, fine tuning of the temporal and spatial control of cell differentiation is required for proper fruiting-body formation (Dyer et al., 1992; Raju, 1992) . To date, several genes and pathways have been reported to play critical roles in the sexual development of F. graminearum, including mating-type genes (Desjardins et al., 2004; Lee et al., 2003) , signal transduction pathways (Hou et al., 2002; Jenczmionka et al., 2003; Nguyen et al., 2012; Park et al., 2012; Yu et al., 2008) , calcium metabolism (Cavinder & Trail, 2012; Cavinder et al., 2011; Hallen & Trail, 2008) and acetyl CoA metabolism Son et al., 2011a Son et al., , 2012b . Recently, large-scale functional analyses of transcription factors and kinase genes identified hundreds of genes that are involved in specific steps of perithecium development in F. graminearum (Son et al., 2011c; Wang et al., 2011) . Moreover, most of the knockout mutants studied exhibited defects in the initial structure of the perithecium. For example, some mutants produced perithecium with reduced number, different sizes and/or delayed maturity.
Although genes from diverse functional categories have been shown to be required for perithecium formation, there is little information regarding their mechanistic roles due to the pleiotropic effects of gene deletion. Therefore, in this study, we performed a functional analysis of the GEA1 gene to expand our understanding of sexual development in F. graminearum, which mediates the reproduction and propagation of this devastating pathogenic disease.
METHODS
Fungal strains and media. The F. graminearum wild-type strain, Z-3639 (Bowden & Leslie, 1999) , and mutants derived from this strain were used in this study and are listed in Table 1 . Conidial suspensions or agar blocks containing mycelia of each strain were stored in 20 % glycerol at 270 uC. Carboxymethylcellulose medium (CMC) (Cappellini & Peterson, 1965) , yeast extract and malt extract agar (YMA) (Harris, 2005) were prepared and used for conidia production. Other media used in this study were prepared and used according to standard protocols (Leslie & Summerell, 2006) . DNA manipulation, PCR and primers. Fungal genomic DNA was extracted according to the Fusarium laboratory manual using a cetyltrimethylammonium bromide procedure (Leslie & Summerell, 2006) . Standard procedures were followed for restriction endonuclease digestion, agarose gel electrophoresis and DNA gel blot hybridization with 32 P-labelled probes (Sambrook & Russell, 2001) . PCR primers used in this study were synthesized by an oligonucleotide synthesis facility (Bionics; Table S1, available in Microbiology Online).
Targeted gene deletion and complementation. The constructs used for targeted gene deletion, promoter replacement and green fluorescent protein (GFP) fusion proteins were generated using doublejoint PCR (Yu et al., 2004) . For the targeted deletion of GEA1, the 59 and 39 flanking regions of the GEA1 ORF were amplified by PCR using genomic DNA of the wild-type strain and primer pairs GEA1-5F/ GEA1-5R and GEA1-3F/GEA1-3R, respectively. A geneticin-resistance cassette (gen) was also amplified from pII99 (Namiki et al., 2001) using primers Gen-F/Gen-R. These three amplicons (59 region, 39 region and gen) were mixed at a 1 : 1 : 2 molar ratio and fused in a second round of PCR. The resulting product was subjected to a third round of PCR using the nested primers GEA1-5N and GEA1-3N.
For complementation, intact copies of GEA1 amplified by PCR using primers GEA1-5N/GEA1-3N were introduced into a GEA1 deletion mutant by co-transformation as previously described (Kim et al., 2006) . A hyg-Pzear-ACS2 construct containing a hygromycin resistance cassette (hyg) was also amplified from the HK33 strain and used for co-transformation experiments based on the improved efficiency of this construct compared with circular plasmids. GFP tagging. To generate HK50 mutants carrying GFP at the C terminus of GEA1, the 59 and 39 flanking regions of GEA1 were amplified by PCR using primers GEA1-5F-GFP/GEA1-5R-GFP and GEA1-3F-GFP/GEA1-3R, respectively. GFP and the hygromycin resistance cassette (GFP-hyg) were amplified from pIGPAPA (Horwitz et al., 1999) and fused to the 59 and 39 flanking regions of GEA1, and a final round of PCR was performed with primers GEA1-5N-GFP and GEA1-3N.
HK51 strains were generated with GEA1 under control of the elongation factor 1a promoter (P EF1a ) as previously described (Lin et al., 2011) . The 59 and 39 flanking regions were amplified by PCR using primers GEA1-5F/GEA1-5R-EF and GEA1-3F-EF/GEA1-3R-EF, respectively, and the gen-P EF1a construct was amplified from pSKGEN with primers Neo-for new/EFpro-Rev. The three amplicons were fused as described above and primers GEA1-5N and GEA1-3N-EF were used for the nested PCR. Resulting constructs were transformed into F. graminearum wild-type strain Z-3639 as previously described (Han et al., 2007) . For the HK100 strains, the same construct used for generation of the HK50 strain was transformed into the HK51 strain.
Sexual crosses. For sexual induction of selfing, mycelia were grown on carrot agar for 5 days; then were removed with the back of the surgical blade (surgical blade #11; Feather Safety Razor) and 2.5 % sterilized Tween 60 solution was applied (Leslie & Summerell, 2006) . All of the sexually induced cultures were incubated under near UV light (wavelength 365 nm; HKiv Import & Export Co.) at 25 uC.
Forcible ascospore discharge was observed using small acrylic chambers (162.565 cm 3 ) as previously described (Min et al., This study HK33 Dacl2 : : gen; ACS2 : : hyg-Pzear-ACS2 Lee et al. (2011) HK98 Dgea1 : : GEA1; hyg-Pzear-ACS2
This study HK50 GEA1 : : GEA1-GFP-hyg
This study HK51 GEA1 : : gen-P EF1a -GEA1
This study HK100 GEA1 : : gen-P EF1a -GEA1-GFP Trail et al., 2005) . A semi-circular agar block (11 mm in diameter) covered with 8-day-old perithecia was placed on a coverslip and incubated in the chamber for 24 h.
Asexual development and virulence test. Conidia production of F. graminearum strains was measured after incubating conidial suspensions (10 ml of 1610 5 conidia ml 21 ) in 5 ml CMC medium for 72 h at 25 uC on a rotary shaker (150 r.p.m.). The germination rate of conidia was measured according to previous methods and criteria (Lee et al., 2009b) . Briefly, freshly harvested conidia (1610 6 conidia ml 21 ) from YMA medium were inoculated into 20 ml complete medium (CM) and the number of germinated conidia was counted after incubation periods of 4 and 8 h. Experiments were performed twice with three replicates for each time point. Virulence of the F. graminearum strains was determined using the wheat cultivar Eunpamil, as previously described (Son et al., 2011a) . Briefly, 10 ml conidia suspension (1610 5 conidia ml 21 ) was injected into a centre spikelet of wheat head at mid-anthesis and the inoculated plants were placed in a greenhouse after a 3-day incubation in a humidity chamber. Photographs were taken at 14 days post-inoculation.
To obtain conidia for inoculum sources in phenotypic analyses, each F. graminearum strain was incubated in 50 ml CM on a rotary shaker (150 r.p.m.). After 3 days, mycelia were harvested and spread onto YMA plates. After 48 h at 25 uC under near UV light (HKiv Import & Export), conidia were harvested, washed and resuspended in distilled water or 0.01 % Tween 20 solution.
Specimen preparation for light microscopy and transmission electron microscopy (TEM). Specimen preparation for microscopy was performed as previously described (Son et al., 2012a) . Briefly, 7 and 8 days after sexual induction, mature perithecia were collected with gentle scraping using the back of a surgical blade (surgical blade #11; Feather Safety Razor). The specimens were dehydrated in an ethanol series (30, 50, 70 and 80 %) and embedded in Spurr's resin (Spurr, 1969) . Using an ultramicrotome (MT-X; RMC), ultrathin sections were generated to a thickness of 70 and 1000 nm for TEM and light microscopy, respectively. For TEM observation, samples were stained with 2 % uranyl acetate and Reynolds' lead citrate, each for 7 min (Reynolds, 1963) . Samples were then examined using an energy-filtering transmission electron microscope (LIBRA 120; Carl Zeiss), operated at an accelerating voltage of 120 kV. Zero-loss energy-filtered images were recorded with a 4 K slow-scan chargecoupled device camera (4000 SP; Gatan).
Microscopy. To observe the morphology of asci rosettes and ascospores, perithecia were dissected on glass slides in a drop of 15 % glycerol, and then asci were gently flattened under a coverslip (Son et al., 2011b 
RESULTS

Characterization of GEA1
In a previous study, a gene with a Broad Institute locus number of FGSG_08505.3 was observed to be significantly upregulated during perithecium development in the wild-type strain of F. graminearum, yet markedly downregulated in GzGPA1 deletion mutants . GzGPA1 is a G protein alpha subunit 1 that is essential for sexual reproduction in F. graminearum (Yu et al., 2008) . A similar expression pattern was observed for GEA1 in microarray analyses performed during the sexual development stage of F. graminearum (Hallen et al., 2007; Lee et al., 2012) . The Fusarium Comparative Database (Fusarium Comparative Sequencing Project, Broad Institute of Harvard and MIT, http://www.broadinstitute.org/annotation/genome/fusarium_ group/) originally annotated the FGSG_08505.3 locus as a 1074 nt long ORF, yet the MIPS Fusarium graminearum Genome Database (http://mips.helmholtz-muenchen.de/ genre/proj/FGDB/) reannotated the gene with manual processing as FGSG_17022, which covers a 4122 nt ORF (Cuomo et al., 2007; Wong et al., 2011) . To confirm the structure of this newly identified gene, rapid amplification of cDNA ends PCR was performed using a previously constructed cDNA library (Son et al., 2011a) . As a result, the transcription and splicing of FGSG_17022 in vivo were found to be the same as the deduced ORF in the database. Therefore, we designated FGSG_17022 as Germinated Ascospores 1 (GEA1), which encodes a 1340 aa polypeptide without any functional domain (Wong et al., 2011) . However, a SignalP analysis showed that GEA1 has a signal peptide for the secretory pathway (Emanuelsson et al., 2000; Nielsen et al., 1997) .
Deletion and complementation
To elucidate the functions of GEA1, this gene was deleted in the F. graminearum wild-type strain, Z-3639. The GEA1 gene was successfully replaced with gen via homologous recombination and more than ten GEA1 deletion mutants were obtained (Fig. S1a ). For complementation, intact copies of deleted GEA1 were introduced into a GEA1 deletion mutant by co-transformation. Of the hundreds of hygromycin-resistant transformants obtained, ten mutants had lost geneticin resistance, while four contained an integrated GEA1 gene at its original genomic locus by homologous recombination (Fig. S1b) . All deletion and complementation mutants were confirmed by Southern hybridizations.
Sexual development
Perithecium development in F. graminearum strains was evaluated on carrot agar. All of the tested mutants produced perithecium with similar size and number to perithecium of the wild-type strain (Fig. 1a ). Eight days after sexual induction, mature perithecia forcibly discharge ascospores, and cirrhi of ascospores remain at the tip of ostioles. In contrast, GEA1 deletion mutants did not discharge ascospores ( Fig. 1d ) and did not form any observable ascospore cirrhi (Fig. 1a ). However, highly magnified imaging with intense background light was able to detect normally developed ostioles present in GEA1 deletion mutants (Fig. 1b) . Moreover, when perithecia were squeezed, most of the ascospores in GEA1 deletion mutants were found to have germinated inside the perithecium, yet a tight arrangement resulted in tangling of the ascospores with perithecial tissues. In contrast, the wild-type and complemented strains had asci rosettes present to provide adequate separation (Fig. 1c ).
To observe temporal ascus development, dozens of perithecium from 6-and 7-day-old cultures were gently dissected. In the 6-day-old wild-type ascus, ascospores were mostly delimitated and had begun to develop. The GEA1 deletion mutants also developed asci carrying delimiting ascospores, similar to that of the wild-type strain. However, their ascus shape was somewhat irregular (Fig. 2) . In addition, while wild-type perithecia contained tightly packed asci after 7 days, most matured ascospores of GEA1 mutants were released from the ascus during the dissection of perithecia and many collapsed ascus walls without ascospores were observed. Consequently, most ascospores were released during the dissection procedure (Fig. 2) .
To further observe perithecium development, 7-day-old perithecia were embedded and microsectioned. Most of the wild-type perithecia began to discharge ascospores at the ostiole 7 days after sexual induction (Fig. 3a) . Correspondingly, when wild-type perithecia were microsectioned along their width, well-arranged asci were observed (Fig.  3b) . In contrast, while GEA1 deletion mutants also produced ostioles, discharge of ascospores from these structures was rarely observed (Figs 1b, 3c ). In addition, asci of GEA1 deletion mutants seemed to burst inside the perithecium prior to ostiole formation (Fig. 3d) . Consequently, the irregularly arranged ascospores in GEA1 deletion mutants (Fig. 3e ) had started to germinate (Fig. 3f ).
Ascus walls of wild-type and deletion mutants were observed with TEM 7 days after sexual induction. While distinct and intact cell-wall structures were observed in association with the inner membrane in wild-type asci, the asci cell wall of GEA1 deletion mutants was hard to observe, and only a delicate membrane structure was detected (Fig. 4) .
Asexual development and virulence
GEA1 deletion mutants displayed vegetative growth, conidiation and virulence on wheat heads similar to that (a) GEA1c
GEA1c TW Δgea1 HK100 Fig. 1 . Sexual development of F. graminearum strains. (a, b) Each strain indicated was inoculated on carrot agar and self-fertilized. Cirrhi present at the ostioles (a subset are indicated with white arrows) were more prominent in the wild-type, GEA1c and HK100 strains. Photographs were taken 8 days after sexual induction. Bars, 500 mm. (c) Asci and ascospores exhibited a normal phenotype in wild-type, GEA1c and HK100 strains. However, in the GEA1 deletion mutant (Dgea1), most of the ascospores germinated inside the perithecium. Bar, 100 mm. (d) Forcible ascospore discharge. A semi-circular agar block (arrowhead) covered with perithecia was placed on a coverslip. Images were collected 48 h after the assay was initiated. White cloudy material (indicated with arrows) represents discharged ascospores. WT, F. graminearum wild-type strain Z-3639; Dgea1, GEA1 deletion mutant; GEA1c, Dgea1-derived strain complemented with GEA1. HK100, a transgenic strain with the EF1a promoter rather than the GEA1 native promoter.
WT Δgea1 Fig. 2 . Asci rosettes of F. graminearum strains. Imaging was performed 6 days (upper panels) and 7 days (lower panels) after sexual induction. White arrows indicate the collapsed ascus walls during the dissection of perithecia. Bar, 20 mm. WT, F. graminearum wild-type strain Z-3639; Dgea1, GEA1 deletion mutant.
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GEA1 localization
To visualize the subcellular localization of GEA1, HK50 strains were generated which express a GEA1-GFP fusion construct under control of the native GEA1 promoter. Thirteen of these HK50 strains were confirmed by Southern hybridization (Fig. S3 ). However, none of them exhibited any detectable GFP fluorescence during their developmental stages, including the stages of vegetative growth, conidium production and sexual development.
Therefore, HK51 and HK100 strains were subsequently generated with GEA1-GFP under control of P EF1a (Fig. S4 ). Three of these strains were analysed by Southern hybridization, and all exhibited sexual and asexual phenotypes similar to the wild-type strain ( Table 2 and Fig. 1 ).
In the 6-day-old asci, GEA1-GFP localized to small spots, vesicles (Fig. 5a) , and moved to membrane structures as the ascospores mature (Fig. 5b) . Some vesicles were merged with the ascus wall in premature-stage asci (Fig. 5a ). Membrane localization of GEA1-GFP was consistent in conidia ( Fig.  5c ). However, GFP signal was faint and predominantly localized to vacuoles in the mycelia (Fig. 5d ).
DISCUSSION
In ascomycete fungi, the ascus is unique. It is the largest cell type in fungi, and is required for spore liberation. Ascus structures vary among fungal species, and are largely determined by the nature of the ascus wall (Read & Beckett, 1996) . For example, some fungal species have complex multi-layered ascus walls, whereas other fungi, such as Sordaria humana, possess simple and homogeneous ascus walls (Beckett, 1981) . A distinct fibrillar nature for ascus walls has also been observed in some fungi, including Xylaria longipes (Beckett & Crawford, 1973) . Although it is difficult to study ascus wall structure, fungal cytologists have used TEM to determine that ascus walls are mainly composed of polysaccharides and proteins, and not lipids (Read & Beckett, 1996) . Moreover, in Sordaria macrospora, intact microtubule systems were found in ascus walls (Thompson-Coffe & Zickler, 1992) .
Classical fungal genetics have characterized several ascus mutants of the model filamentous fungus Neurospora crassa (Pöggeler et al., 2006; Read & Beckett, 1996) . For example, the peak and ban mutants exhibit swollen asci without apical pores and giant asci, respectively (Raju, 1988; Raju & Newmeyer, 1977) . In addition, the Prf mutant produces linear asci with multiple apical pores in N. crassa (Raju, 1987) . However, most of these classical mutants that involve ascus development were characterized with genetic and cytological analyses, and few insights have been obtained regarding the molecular mechanism(s) of ascus development. In the current study, a novel gene, GEA1, was found to be required for ascus wall formation in F. graminearum. Correspondingly, deletion of GEA1 did not alter any developmental phenotypes, except ascus development, and GFP-tagged GEA1 proteins were localized to the plasma membrane of ascospores.
The most distinct phenotype of the GEA1 deletion mutants is the precociously germinated ascospores inside the perithecia. However, the germination rate of the asexual spores (conidia) present was not altered in the GEA1 deletion mutants compared with the wild-type strain ( Table 2 ). Since germination phenotypes of ascospores and conidia have been found to be similar in most cases (Lee et al., 2009b; Park et al., 2012; Son et al., 2012b) , it is reasonable to conclude that GEA1 is not directly related to ascospore germination, but rather mediates a secondary effect that determines the mutant phenotype. For example, as the ascus matures, turgor pressure sufficient for forcible ascospore discharge is generated via osmolyte accumulation (Min et al., 2010; Trail et al., 2005) . Accordingly, ascus walls should be strengthened in these phases. However, in GEA1 deletion mutants, ascus walls did not develop properly, and consequently the ascus exploded prior to normal ascospore discharge. As a result, abnormally liberated ascospores inside the perithecium had the opportunity to recognize germination signals and germinate. This observation was previously reported by Trail & Common (2000) for wild-type F. graminearum. Therefore, it appears that GEA1 has a specific role in ascus wall development, but not in the germination process.
It is difficult to directly predict the biological function of GEA1 in ascus wall development since GEA1 does not contain any known functional domains (Wong et al., 2011) . Furthermore, GEA1 homologues have not been studied in other organisms. Based on TEM observations reported in our previous studies, wild-type ascus walls exhibit markedly different structures compared with those of spores and hyphae in F. graminearum (Kim et al., 2009; Lee et al., 2009b; Son et al., 2012a) . For example, ascus walls tend to be thinner and membrane structures are bumpy compared with those of other types of cells. Therefore, structural differences between ascus walls and other cell walls suggest that a distinct molecular mechanism is involved in ascus cell-wall biogenesis. In addition, GEA1 was found to be highly expressed when ascus walls were actively developed, and deletion of GEA1 did not alter any developmental phenotypes. Therefore, we hypothesize that GEA1 is specifically required for ascus wall biogenesis. Additional biochemical assays need to be performed to confirm our results and to provide further insight into the function of GEA1 in F. graminearum.
GEA1 was initially investigated based on the hypothesis that it was under the control of GzGPA1 during sexual development in F. graminearum . However, GEA1 was markedly downregulated in the FgVelB deletion mutant, where perithecia formation is absent . Microarray and RNA-seq data of transcription factor mutants which do not produce perithecia are also consistent with these observations (H. Son et al., unpublished data) . Taken together, it appears that GEA1 is not directly regulated by GzGPA1, but rather that GEA1 expression is dependent on perithecium formation.
GEA1 predominantly localized to the plasma membrane of both conidia and ascospores, while vacuolar localization was also observed in mycelia. GEA1 expression driven by its native promoter was maintained at low levels during conidia production and mycelia growth but only at high levels during perithecial development stages, suggesting that functional localization of GEA1 is to vesicles of asci and ascospore membrane (Güldener et al., 2006; Lee et al., 2010; Lysøe et al., 2011) . Vacuolar localization of GEA1-GFP may be due to high levels of fusion protein expression due to the strong promoter that was used (Kunze et al., 1999) .
In conclusion, the novel gene GEA1 was identified and functionally characterized in the ascomycete fungus F. graminearum. GEA1 specifically functions in ascus cell-wall biogenesis, and deletion of GEA1 resulted in collapse of the ascus walls prior to normal ascospore discharge. This is the first report to identify a gene with a unique function in ascus wall development, and additional biochemical studies will be needed to further characterize the role of GEA1, particularly with regard to sexual development in F. graminearum.
